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ABSTRACT This study demonstrates the potential
of confoca laser scanning microscopy (CLSM) as a
characterization tool for different types of
microparticles. Microparticles were prepared by
various methods including complex coacervation,
soray drying, double emulson solvent evaporation
technique, and ionotropic gelation. Protein drugs and
particle wall polymers were covalently labeled with a
fluorescent marker prior to particle preparation, while
low molecular weight drugs were labeled by mixing
with a fluorescent marker of sSmilar  solubility
properties. As was demondrated in several examples,
CLSM dlowed visudization of the polymeric particle
wal composition and detection of heterogeneous
polymer didribution or changes in polymer matrix
compogtion under the influence of the drug.
Furthermore, CLSM provides a method for three-
dimensond recongtruction and image andysis of the
microparticles by imaging severd coplanar sections
throughout the object. In concluson, CLSM dlows the
ingpection of interna particle structures without prior
sample destruction. It can be used to locdize the
encapsulated compounds and to detect specid
dructura details of the particle wall composition.
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INTRODUCTION

Micropatides ae common drug ddivery sysems.
Different preparaion methods have been gpplied to
optimize their use The characterization methods are
numerous as well. The mogt widdy used procedures to
visudize microparticdes are conventiond light microscopy
(LM) and scanning eectron microscopy (SEM) [1-5].
Both techniques can be usad to determine the shape and
outer gructure of the micropartides, neverthdess, they
both have certain limitations when used for the analysis of
theinterna sructure of such particles.

LM isimpeded by the scaitering or emisson of light from
dructures outside the opticd foca plane, which reduces
image qudity. On the other hand, SEM usudly requiresa
raively intensve sample pretrestment and does not
permit the visudization of internd Sructures of objects &
al. Mechanicd sections of embedded particles dlow
ingoection of the patide wdl dructure, but the
encgpaulated phase often gets log during sample
preparation. Furthermore, these techniques do not provide
enough information about the paticde polymer
compodgtion. For many reasons, however, it would be of
interest to identify and locdize the encapsulated drug or
the deposition and digtribution of theinvolved polymers.

Confocd laser scanning microscopy (CLSM) minimizes
scaitered light from out-of-focus gructures, and permits
the identification of severd compounds through use of
different fluorescence labels. Therefore, CLSM can be
aoplied as a nondegtructive visudization technique for
microparticles. Moreover, CLSM dlows visudization
and characterization of sructures not only on the surfece,
but also insidethe particles, provided the materia



is aufficiently transparent and can be fluorescently
labeled. By collecting severd coplanar cross sections, a
three-dimensional  recondtruction of the inspected
objectsis possible.

CLSM has dready been used in the evauation and
characterization of solid pharmaceutica formulations,
including determination of the release kinetics of the
entrapped drugs [6, 7] and examination of the swelling
of micropaticles by usng fluorescein-containing
agueous media [8, 9]. Furthermore, microparticles were
visudized in order to depict the disperson of the
entrapped phase [10] and polymer structures on the
asurface [11] as wdl as firg reaults in imaging the
polymer composition [12].

This dudy evauates CLSM as a tool for the
characterization of microparticles, especidly ther
interna gtructure. Experiments were designed to show
the applicability of this technique to particles made by
different preparation methods and to demonstrate the
amplicity and speed of this procedure as well as the
vaue of the additional information that could be
gained.

MATERIALS AND METHODS
Materials

Gdatin, types A and B, was purchased from Deutsche
Gdatine Fabrik Stoess & Co. (Eberbach, Germany)
and acacia was obtained from Caesar & Loretz (Hilden,
Germany). Chitosan glutamate was obtained from
Pronova Biopolymers (Drammen, Norway) and
eicosapentaenoic acid ethyl ester (EPA-EE) with a
purity greater than 96% was obtained from K. D.
Pharma (Bexbach, Germany). Poly-e -caprolactone,
caxin, fluorescein isothiocyanate (FITC), and
rhodamine B isothiocyanate (RBITC) were purchased
from Fluka (Deisenhofen, Germany); polyvinyl acohol
(Moviol 40- 88), sodium aginate, calcium chloride,
bovine serum abumin (BSA), nile red, dimethyl
sulfoxide (DM S0), and ethanolamine were purchased
from Sgma (Desenhofen, Germany). Ethanol,
hydrochloric acid, and methylene chloride were
obtained from Merck AG (Darmgadt, Germany). All
compounds were of andytica grade purity.

Methods

Preparation of the Microparticles
Complex Coacervation

Gelatin, 2.5 g, was dissolved in 100 mL water at 50°C.
Then, 5.0 g of oil phase (EPA-EE) was emulsfied in
the gelatin solution by using an Ultraturrax (8000 rpm,
Modd T 25, Janke & Kunkd, IKA-Labortechnik,
Staufen, Germany). The emulsion was poured into a
beaker containing an aqueous solution of acacia (2.5%,
wt/vol). Water, 400 mL, was added; the pH was
lowered with IN HCI to 4.0; and the system was
cooled to 4°C. After the sedimentation of the
microparticles, the supernatant was decanted and the
particles were hardened by adding 2 x 150 mL ethanol
to the sediment. Findly, the microcapsules were
filtered and dried overnight at room temperature.

Spray Drying

The coacervate was prepared as described earlier, with
the supernatant removed after sedimentation, and the
sediment further processed by spray drying. For the
spray-drying process a Bichi 190 Mini Spray Dryer
(Hawil,Switzerland) was used; apparatus parameters
were chosen dfter optimization (aspiration: 20,
pressure. 300 NI/h; temperature at inlet: 140°C, at
outlet: 80°C).

Double Emulsion Technique

The preparation of microparticles was based on water-

in-oil-inwater  emulsfication-solvent  evaporation
methods [13, 14]. It was prior optimized as follows: 1
mL of a BSA-FITC contaning agueous solution (10
mg/mL) was firg emulsfied for 1 minute by Ultraturrax
into the polymer solution (800 mg of PCL) in methylene
chloride (10 mL). This primary emulsion (w/0) was
poured into 300 mL of PVA solution (0.25% wt/wt). A
w/o/w-emulson was formed by extengve girring with a
four-blade dtirrer for 45 minutes at 1000 revolutions per
minute (rpm). After decanting the supernaant, the
microparticles were filtered (HVLP filter, pore size 0.45
micrometers, Millipore, Eschborn, Germany), washed 3
times with water (minima volume 500 mL) and dried
overnight at room temperature.



lonotropic Gelation

A 1 mL amount of BSA-FITC solution (10 mg/mL)
was added to a sodium dginate solution (2% wt/wi).
This dginate solution was added in drops to a calcium
chloride solution (2% wt/wt) usng a syringe with a
0.30-mm needle. In subsequent experiments, 1 mL
hydrochloric acid (IN) and chitosan glutamate (fina
concentration: 0.1% wt/wt) were dissolved in the CaCl
solution. When gelation occurred, particles were
collected by filtration, washed extensvely with water,
and dried overnight a room temperature.

Fluorescence Labeling of the Organic
Phase by Nile Red

Before preparing the oil-water emulsion, nile red was
dissolved in the organic phase (EPA-EE for complex
coacervation, or methylene chloride for double
emulson technique). As nile red has a drong
susceptibility to  fluorescence  bleaching, a
concentration of at least 1 mg/mL was used.

Fluorescence Labeling of Gelatin,
Casein, Acacia, and Alginate

Based on a method of protein labeling by Schreiber et
al. [15], the covaent labeling protocol was adapted to
our requirements. Briefly, agueous protein or polymer
solution was adjused a pH 8511 by sodium
hydroxide solution (1N). The resulting fluorescent dye,
FITC or RBITC, was dissolved in DMSO a a
concentration of 1 mg/mL. A 100 pL amount of the
dye solution wasadded to the polymer solution and
gtirred for 1 hour at 40°C. The reaction was stopped by
adding 20 L ethanolamine; free FITC or RBITC was
removed by didyss (didyss tube with a 10. 000
Ddton pore sze) agang didilled water until no
diffusion of the free marker was observed.

Confocal Laser Scanning Microscopy

A Biorad MRC 1024 Laser Scanning Confoca
Imaging System (Heme Hempstead, UK), equipped
with an argon ion laser (American Laser Corp, Sdt
Lake City, UT) and a Zeiss Axiovert 100 microscope
(Carl Zeiss, Oberkochen, Germany), was used to

invedtigate the dructure and morphology of the
microparticles. All confocal fluorescence pictures were
takenwitha2.5 ,10" or 40 objective (40" objective:
oil immerson, numeric aperture 1.30). The software
used for the CLSM imaging was Laser Sharp MRC-
1024 Verson 3.2 (Bio-Rad, Deisenhofen, Germany).
The imaging was performed with dry microparticles or
paticle dispersons in neutrd oil to prevent ther
swelling during sample imaging.

The laser was adjusted in the green/red fluorescence
mode, which yielded two excitation wavelengths at 488
and 514 nm. Emission filter blocks VHSAL and A2
were used. Green and red fluorescence images were
obtained from two separate channels, with the option of
a third picture from the tranamitted light detector. The
find pictures were composed from mixer A (red
fluorescence) and mixer B (green fluorescence) to
visualize the marked structures and aso the signa from
the ordinary transmission light microscope (mixer C -
transmitted light) within the same image.

RESULTS AND DISCUSSION

CLSM permits the user to depict and unambiguoudy
identify al fluorescently labded compounds a light
microscopica  resolution.  Unlike conventiond  light
microscopy, CLSM endbles the user to quditatively
determine localization as well as amount of the inner oil
phase without having to fird edablish complex
andyticd procedures. The identification of the
encgpsulated phase can dso be performed with a non-
confoca fluorescence microscope, if the drug is
fluorescently labeled. The unique advantage of CLSM is
its capability to obtain informetion about the three-
dimensond locdization of fluorescently labeled
compounds aong (X,y,z) spatid dimensons.

It must be kept in mind that nonfluorescent materid
cannot be detected by CL.SM without prior fluorescence
labding. If drug or polymer have solubility properties
gmilar to the fluorescence marker, mixing these may be
aufficient, as long as the encapsulation process and the
incorporaion of the drug will not be dtered by the
marker. This is the favored method when covadent
labeling of macromolecules is inefficient , such as with
polyesers (PCL). In case of different solubilities of



marker and drug, covaent coupling is necessary to
enure that the fluorescence marker represents the
desred materid. Any covdent coupling of marker and
drug or polymer must be attempted with caution, as the
physico-chemicd properties may be consderably changed
(especidly inthe case of low molecular weight drugs).

FITC and RBITC were chosen to dlow smultaneous
detection in different channels. The concentrations of the
fluorescent markers were adjusted according to their
dability in the laser light (photobleaching). In some
cases, there was a posshility that functiona groups
could be blocked after the fluorescence labding step (eg,
gelatin and chitosan), and theresfter the polymers could
change their properties. However, isodectric focusng
proved no significant change of the isoelectric point for
gddin (ratio of marker molecules to free amino groups,
1:46). For chitosan the amount of added fluorescence
marker was much lower than the number of potentia
binding stes. The negatively charged carboxyl groups of
acacia and dginate presented no target for the labding
reaction, and therefore it was reasonable to assume that
their properties were not significantly affected by this
procedure. After taking into account the labding
efficiency (8% to 19% of the marker was covaently
bound), the ratio of molecule fluorescence marker to
molecule polymer was rather low (RBITC.acacia =
1:0.36; RBITC:chitosan = 1:0.72); no effects should be
expected as the molecular weight of the polymers is
about 1000 times larger.

Characterization of Microparticle
Structure

Deposition Behavior During Complex
Coacervation

Staining the ail phase with nile red alowed us to
distinguish between encapsulated oil and other droplet-
like structures, which if examined by their shape done
could be mistaken as il phase (Figure 1).

Using the confocal approach, we were able to optically
dissect the particle in any desired number of coplanar
cross sections to show the internd  structure of
fluorescently labeled gdatin as polymeric wadl
component. Such data can dso beused to reconstruct
the complete internd dructure  of the entire

Figure 1. Microparticles Prepared by Complex
Coacervation Containing EPA-EE as Oil Phase
Fluorescently Stained with Nile Red.

*Scale bar is shown in pm.

Figure 2. Three-dimensional Cross-Sectioning Through a
Microparticle Prepared by Complex Coacervation After
Covalent Labeling of Gelatin With RBITC.

microparticle (Figure 2).

The digribution of the polymers within the complex
coacervetion process was studied after fluorescence



labdling of each single polymer in separate batches.
The polymer distribution was characterized by imaging
fluorescence intengity across the depicted particle wall
using computational image acquisition (Figure 3).

Figure 3. Sectioning of Microparticles Prepared by
Complex Coacervation After Fluorescence Labeling of
Gelatin With FITC (A) and Acacia With RBITC (B).

*Scale bar is shown in pm.

A homogeneous digtribution for both gelatin and acacia
was found throughout the particle wall. This was
dready found for the wal compostion of
microcapsules prepared by complex coacervation [12].
The internd dructure of the microparticles in these
experiments was formed by smaler aggregated oil
droplets but showed, however, the same composition.
Thus, this supports the hypothess that phase separation
takes place by eectrodtatic interaction of the oppositely
charged polymers [16]. Due to the charge equivaence
of the two polymeric counterions during coacervation,
homogeneous distribution of both polymers inside the
particle should be observed, which was supported by
CLSM reveding a homogeneous digtribution of the
labeled polymers.

In order to visualize some heterogeneous distribution of
different polymers within the particle wal, casain-
FITC was added as a third component in the complex
coacervation process. As shown in Figure 4, a
maximum concentration of casein was found at the oil-
wall interface (arrows), sharply decreasing toward the
outer wall border.

Figure 4. Image of Microparitices Prepared by Complex
Coacervation with Non-Labeled Gelatin and Acacia
Containing Additional Casein-FITC.

*Scale bar is shown in pm.



Concurrently, the digtribution of gedatin and acacia
indicated that their deposition was not influenced by
the presence of caan-FITC (data not shown). For oil-
inrwater emulsions with mixtures of casein and gdatin,
it is known that casein is the dominant component in
lowering surface tenson and therefore accumulates at
the oil-wall interface[12, 17].

Deposition behavior during spray drying

The oil phase was emuldfied in the gelain solution,
coacervated after adding acacia, and finally spray dried.
Qil droplets in the emulsion were observed to be larger
before hardening than the total microcapsule obtained
after gpray drying. Therefore, the emulson was
rearranged in its dructure by the spraying process in
such away that the coacervate at the oil-water interface
changed place during its passage through the sprayer
nozzle. An explicit corefwal structure was observed to
be independent from initid droplet sze. CLSM
imaging demondrated that the homogeneous
digribution of geatin and acacia was retained
throughout the capsule (Figure 5).

Figure 5. Image Representing the Microparticle Wall
Composition with a View of Gelatin Labeled With FITC.
Internal Structure of Microparticles After Spray Drying.
*Scale bar is shown in pm.

As polymer properties are not likely to change during
the gspray-drying process, they keep both their
interfacia  activity and polyionic properties. This
explains the observed homogeneous digtribution in the
coacervated particle wall. In addition to microcapsules,
aggregates were dso vishle These aggreggates
possessed concentrated polymer resulting in a more
intense fluorescence signal. Therefore, heterogeneities
marked by the fluorescence signa were present, but if
one compares the capsule walls, homogeneous polymer
distribution will be found.

The samdl sze of the microparticles obtained after
Soray drying appeared to reach the limit of CLSM’s
resolution to depict ther internal sructure. In most
cases, dry particles have to be used for the imaging,
otherwise, fixation by resn embedding of the particle
dispersion is required to avoid movement of the object
during the imaging process. Particles smaller than 3 um
in suspension tend to move and do not alow exact
depiction. Besides, it appeared to us that it would be
difficult to obtain a meaningful image resolution for
microparticles smdler than 5 um.

Deposition behavior during double
emulsion technique

BSA was encapaulated as modd protein drug into
microspheres using the double emulsion technique.
BSA is known to have surface active properties, which
are responsible for its depostion a the oil-water
interface [18]. This has a sirong stabilizing effect on the
firs emulson [19] and leads to the formation of a
matrix-like structure (Figur e 6).

The accumulation of BSA a the water-polymer
interface might have been brought about the reatively
low concentration of protein used in the preparation, O
that most of the protein was found at the water-polymer
interface.

The matrix gtructure of the microparticles prepared by
the double emulsion technique is usudly andyzed by
SEM imaging of mechanica cross sections. Here,
however, sectioning of particles occurs a random and
cannot be controlled. In contragt, CLSM dlows us to
section the microparticle a any desired plane (Figure 7).



Figure 6.Microparticle Prepared by W/O/W Emulsification
Solvent Evaporation Method Containing BSA-FITC as
Model Protein Drug In the Internal Aqueous Phase.
*Scale bar is shown in pm.

Figure 7. Coplanar Sections (Plane Distance: 5 um) of
the Internal Structure of a Microparticle Prepared by
W/O/W  Emulsification Solvent Evaporation Method
Containing Nile Red in the Organic Phase.

*Scale bar is shown in pm.

The limiting factor to image sectioning through the
microparticle may be the transparency of the
polyester. In deeper cross sections (> 50 pm) the
images dtill show the general structure, but they
become blurred.

Deposition behavior during ionotropic
gelation

The entrapment of compounds into alginate beads is
another common technique that has been used in
many applications. Here it may aso be of interest to
localize the incorporated drug. By using CLSM it
was possible to localize the encapsulated FITC-
BSA inside the alginate matrix (Figure 8).



Figure 8. Image of Alginate Bead Prepared by lonotropic
Gelation Containing FITC-BSA as Fluorescently Labeled
Model Protein Drug.

*Scale bar is shown in pm.

In general, a homogeneous digribution of the protein
within the matrix was found. Moreover, we observed
protein accumulation at the bead interface to the glass
bottom of the drying device, while no heterogenous
deposition was found at the bead/air interface.

The preparation of aginate beads in presence of
chitosan within calcium chloride solution has been
reported elsewhere [20, 21]. By imaging with CLSM,
the RBITC-labeled chitosan could be locdized indde
such beads and was proven to be distributed
homogeneoudy throughout the bead matrix. The
influence of chitosan presence on bead composition
and protein locdization was depicted by recording the
dgnds of the two materids separatdly in different
channds (Figure9).

Until completely dry, the hydrogel matrix of aginate
dlows the movement of the protein, which may
possbly interact with chitosan leading to some
accumulation. Others have reported that incorporation
of chitosan can lead to interactions with anionic
compounds [22]. Sezer and Akbuga [20] incorporated
dextran, which is not charged, and they therefore did
not observe any interaction with chitosan indgde the
matrix. In our experiments, CLSM image procedure
reveded that BSA was homogeneoudy distributed
within the bead matrix, except for some accumulations

Figure 9. Images of Alginate Bead Prepared by
lonotropic Gelation in the Presence of Chitosan Including
a Simultaneous Labeling of Protein and Chitosan, BSA-
FITC Is Represented In Green, Chitosan-RBITC Is
Represented In Red.

*Scale bar is shown in pm.



a the glass surface tha occurred during the drying
process. In the presence of chitosan, no increased
concentration in the area of accumulated BSA was
detected, therefore, it should be concluded that there is
no strong interaction between protein and chitosan. Any
subsequent differences in drug release profiles observed
in the presence or aosence of chitosan probably result
from the different matrix properties of the beads rather
than from potentia interactions with the protein.

It must be noted, however, that an interference of the
two fluorescence marker signas cannot be excluded.
As the emitted sgnd from FITC may contribute to the
excitation of RBITC, this double labeling system
cannot be used for quantitative determinations of the
fluorescently labeled polymers. Therefore,
samultaneous visudization of the two FITC- and
RBITC-labeed polymers must be proven by a single
labdling of each polymer and separate visudization
Using another type of laser light, (eg, krypton/argon
laser) and another set of noninterfering fluorescent
probes should alow smultaneous quantitation of
different polymers.

CONCLUSION

CLSM was shown to be a hdpful tool for microparticle
charecterization. Usng this relaively smple method,
drug and polymer can be smultaneoudy visudized and
unambiguoudy identified within the particles. This is
hardy possble by other microscopic methods.
Additiond information on polymer compostion and
distribution throughout the particle wall can be obtained
by CLSM. Furthermore, drugs and excipients can be
locaized three-dimensondly insde or on the surface of
microparticles after fluorescence labding. In generd,
CLSM appeared to us a very powerful technique for the
characterization of microparticulate drug cariers, one
that is easy to use and tha provides more intormation
than other microscopica inspection methods.
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